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INTRODUCTION
Epigenetics is the study of a stably heritable phenotype resulting from changes in a chromosome without alterations in the DNA sequence (Berger et al., 2009 ). An increasing number of studies are revealing that epigenetic modifications, including DNA methylation, histone chemical modifications, promoter-enhancer interactions and non-coding RNA-mediated regulation, are an important mechanism in living cells for altering gene temporal-spatial expression. One of the most important types of histone modification is histone lysine methylation, which plays pivotal roles in multiple processes, such as chromatin remodelling, the cell cycle and transcriptional regulation (Zhang, 2012) .
The timing of flowering, an important event in the life cycle of flowering plants, is directly affected by histone methylation. In Arabidopsis, histone H3 lysine 4 trimethylation (H3K4me3) and H3K36me3 of core histone tails are involved in the activation of FLOWERING LOCUS C (FLC) expression (He et al., 2004; Kim and Michaels, 2006; Pien et al., 2008; Xu et al., 2008) , whereas H3K4 demethylation, H3K9me2, H3K27me2/3 and histone arginine methylation are involved in the repression of this gene (Jiang et al., 2007 (Jiang et al., , 2008 Liu et al., 2007; Niu et al., 2007 Niu et al., , 2008 Wang et al., 2007) . Almost all known lysine methylations of histones are performed by methyltransferases that contain the evolutionarily conserved SET domain, which is named for three Drosophila proteins: Suppressor of variegation 3-9, Enhancer of zeste, and Trithorax (SET domain; Dillon et al., 2005) . Approximately 40 and 49 SET domain proteins have been identified from the genomes of Arabidopsis thaliana and Brassica rapa, respectively (Springer and Kaeppler, 2003; Huang et al., 2011) . Among these, the trithorax group (TrxG) proteins catalyse H3K4 and/or H3K36 methylation to promote gene transcription (Berr et al., 2011) .
Within the Arabidopsis TrxG family, Arabidopsis SET DOMAIN GROUP 8 (SDG8, also known as ASHH2/EFS/ CCR1), localized in the nucleus (Xu et al., 2008) , has been identified as a homologue of SET2, which is the only H3K36 histone lysine methyltransferase responsible for mono-, di-and trimethylation in Saccharomyces cerevisiae (Strahl et al., 2002; Fuchs et al., 2011) . Structurally, SDG8 contains a long function-and-structure-unknown (FSU) Nterminal extended sequence, which is followed by a cysteine-and tryptophan-conserved (CW) domain, an associated-with-SET (AWS) domain, a SET domain, and a post-SET domain. SDG8 can methylate histones H3K36 and H3K4 in vitro when oligonucleosomes are used as substrates (Xu et al., 2008) , and is primarily responsible for H3K36 methylation in vivo (Zhao et al., 2005; Yang et al., 2014; Li et al., 2015; Liu et al., 2016) . The CW domain of SDG8 preferentially binds monomethylated H3K4 (Liu and Huang, 2018) . SDG8 is a pleiotropic gene involved in several plant biological processes, including flowering time and plant size (Zhao et al., 2005; Xu et al., 2008) , fertility (Grini et al., 2009) , shoot branching , resistance to neurotrophic fungal pathogen infection (Berr et al., 2010) and carotenoid composition (Cazzonelli et al., 2009 (Cazzonelli et al., , 2010 Lee et al., 2016) . SDG8 is additionally involved in innate immunity (Palma et al., 2010) , seed gene expression (Tang et al., 2012) , brassinosteroid-regulated gene expression (Wang et al., 2014) , high-level expression of light-and carbon-responsive genes (Li et al., 2015) , and touch-responsive gene expression (Cazzonelli et al., 2015) . Compared with wild-type plants, loss-of-function sdg8 mutants flower significantly earlier because of dramatically reduced levels of H3K36me2/3 on the chromatin of FLC (Zhao et al., 2005; Xu et al., 2008) . SDG8-mediated H3K36me3 overrides ATX1/ATX2-mediated H3K4me2/3 or LSD1-LIKE1 (LDL1)/LDL2-mediated H3K4 demethylation at the chromatin of FLC (Shafiq et al., 2014) . In addition, the sdg8 mutant is recessively epistatic to the sdg26 mutant that displays a late-flowering phenotype, thereby leading to a sdg8sdg26 double mutant that exhibits defects similar to sdg8 (Liu et al., 2016) . SDG8-mediated H3K36me2/3 serves as a required epigenetic memory code for FLC expression, thus playing an important role in the prevention of early flowering in plants.
Brassica and Arabidopsis belong to the same family, Brassicaceae, and the genomes of these two genera exhibit good collinearity and congruence (Lagercrantz, 1998; Li et al., 2003; Lukens et al., 2003; Wang et al., 2011b; Chalhoub et al., 2014) . Previous studies have reported that the mechanism of flowering in Brassica is similar to that in A. thaliana, except for the multiple gene copies (Tadege et al., 2001; Schranz et al., 2002; Okazaki et al., 2007; Wang et al., 2009 Wang et al., , 2011a Wang et al., , 2012 Yuan et al., 2009; Zhao et al., 2010; Guo et al., 2014; Sri et al., 2015) . Multiple homologous copies of the FLC gene are present in Brassica genomes. Interestingly, identically numbered FLC genes, i.e. BraFLC2 in B. rapa (Zhao et al., 2010; Xiao et al., 2013) , BolFLC2 in Brassica oleracea (Okazaki et al., 2007; Ridge et al., 2015) and BnaFLC2 in Brassica napus (Tadege et al., 2001; Huang et al., 2013) , play the most important role in affecting flowering response to plant vernalization.
Most studies on the flowering time of Brassica focus on Arabidopsis FLC, FRI, FT and SOC1 homologues, but rarely on epigenetic modification. In this study, to explore the relationship between epigenetic modification and the floral transition in B. napus, we cloned Arabidopsis SDG8 gene homologues in B. napus, namely, BnaSDG8.A and BnaSDG8.C (Østergaard and King, 2008) , and silenced the two genes by RNAi and CRISPR-Cas9 editing system, respectively. We characterized the direct involvement of BnaSDG8.A/C in affecting flowering time by epigenetic modification at the chromatin of BnaFLCs. Additionally, we unexpectedly discovered an NNH domain in SDG8 by aligning SDG8 orthologous sequences of B. rapa, B. oleracea and B. napus. Finally, we suggested that functional differentiation in allotetraploid rapeseed occurs between BnaSDG8.A and BnaSDG8.C in B. napus.
RESULTS

Cloning and characterization of Brassica napus SDG8 genes
An aggregate 72 9 genome multiplication has occurred between the earliest angiosperms and B. napus (Chalhoub et al., 2014) . To explore changes in the SDG8 genes during the genome multiplication process, we investigated the phylogenetic relationships of SDG8 homologous genes from nine representative species (Ostreococcus lucimarinus, Physcomitrella patens, Oryza sativa, Zea mays, Eutrema salsugineum, A. thaliana, B. oleracea, B. rapa and B. napus) and retrieved their protein data from the Phytozome v12.1 online database. According to the results of the phylogenetic analysis, all species except for B. napus had only one copy of the SDG8 orthologue; this finding indicates that no SDG8 gene duplication or triplication event has occurred in these species. Two SDG8 homologous genes, namely, BnaSDG8.A and BnaSDG8.C, were present in B. napus as a consequence of genome allopolyploidization rather than gene duplication (Figure 1a) . The existence of a single gene copy per species indicates that SDG8 has followed a simple evolutionary trajectory. The AtSDG8 protein is currently known to contain four domains: CW, AWS, SET and Post-SET. A FSU region composed of several hundred amino-acid residues is located between the N-terminal and the CW domain (Figure 1b) . During the bioinformatics analysis of SDG8, we unexpectedly discovered a 39-amino-acid domain, termed the NNH domain after the three conserved amino acids, in the FSU region of BnaSDG8.A. Additionally, two adjacent NNH domains were located in the FSU region of BnaSDG8.C (Figure 1b and c) . In other words, domain duplication occurred without SDG8 gene duplication during evolution. These structural differences, namely, one NNH domain in BnaSDG8.A and two NNH domains in BnaSDG8.C, indicate that the two genes had begun to functionally differentiate during the allopolyploid evolution of the B. napus genome.
Differential expression of BnaSDG8.A and BnaSDG8.C in
Brassica napus
We analysed quantitative expressions of BnaSDG8.A and BnaSDG8.C at different developmental stages and in different tissues using two gene-specific primers (Table S3 ). In general, both BnaSDG8.A and BnaSDG8.C were ubiquitously expressed in the whole plants, and their expression trends were consistent. Before bolting, the expression level of BnaSDG8.A was lower than that of BnaSDG8.C, except at 2 weeks. After bolting, the expression level of BnaSDG8.A was higher than that of BnaSDG8.C, except in the root. It appears that the expression of BnaSDG8.C was stronger in rosette leaves during the vegetative growth stage, and the expression of BnaSDG8.A was stronger in the organs on the stem during the reproductive growth stage (Figure 2 ). The different expression profiles of BnaSDG8.A and BnaSDG8.C further imply that the functions of these two genes are dissimilar.
Complementary testing of BnaSDG8.A and BnaSDG8.C We expressed BnaSDG8.A and BnaSDG8.C genes under the control of the AtSDG8 promoter in the Arabidopsis sdg8-2 mutants. Fifteen and eighteen independent transgenic plants harbouring AtSDG8p::BnaSDG8.A and AtSDG8p::BnaSDG8.C flowered later than the sdg8-2 mutants and at the same time as the wild-type (Col-0) plants (Figure 3a) . Additionally, the number of rosette leaves and the bolting time of the transgenic plants were similar to those of the wild-type but not the sdg8-2 mutant (Figure 3b and c; Table S5 ). The transcript levels of the two exogenous BnaSDG8.A/C were availably expressed in transgenic plants (Figure 3d ). These results demonstrate that both BnaSDG8.A and BnaSDG8.C were able to perform the role of Arabidopsis SDG8 and effectively restore the phenotype of the sdg8-2 mutant plants.
To determine molecular evidence of phenotypic recovery, we analysed the expression levels of FLC and its downstream integrators FT and SOC1 in Col-0, sdg8-2 mutant and BnaSDG8.A/C-overexpressing transgenic plants ( Figure 3e ). In agreement with previous reports, under LD conditions, FLC was dramatically downregulated, and FT and SOC1, inhibited by FLC, were upregulated in sdg8-2 mutants compared with wild-type plants. In contrast, the FLC expression levels were significantly increased, while the expression levels of FT and SOC1 were effectively suppressed in the transgenic plants carrying BnaSDG8.A/C. These results clearly explain why BnaSDG8.A and BnaSDG8.C could rescue the early-flowering phenotype of the sdg8-2 mutants.
Early flowering phenotypes of knockdown and knockout lines of BnaSDG8.A/C According to previous studies, sdg8-2 mutants flower significantly earlier than wild-type plants because of (b) Relative expression levels of BnaSDG8.A and BnaSDG8.C in different organs. Roots, stems, cauline leaves, fully opened flowers and siliques at 30 days after flowering were sampled from 120-day-old plants. Data were normalized using the Bnactin (BnaC02g00690D) as an internal control. Mean values (n = 5 plants) are shown together with standard deviation bars based on the results of three independent biological replicates with three technical repeats. According to Student's t-test, *P < 0.05, **P < 0.01, ***P < 0.001. downregulation of FLC expression (Zhao et al., 2005; Xu et al., 2008) . We hypothesized that loss-of-function of BnaSDG8A/C in B. napus could additionally cause earlier flowering. To obtain knockdown and knockout mutants of BnaSDG8.A and BnaSDG8.C, RNAi and CRISPR-Cas9-mediated genome-editing were utilized to simultaneously silence or mutagenize the two genes in XY15, respectively. Ten independent transformants were yielded in T 1 plants (e) Expression analysis of flowering-time regulatory genes. Relative expression levels of FLC, FT and SOC1 were measured by reverse transcription real time PCR using 2-week-old plants grown under LD conditions. Data were normalized using Actin2 (At3 g18780) as an internal control, with relative values obtained by setting expression levels in Col-0 to 1. Mean values are shown together with standard deviation bars based on three independent biological replicates with three technical repeats. According to Student's t-test, **P < 0.01, ***P < 0.001. [Colour figure can be viewed at wileyonlinelibrary.com] by RNAi. Among these transgenic lines, two positive transgenic lines, bnasdg8-R1 and bnasdg8-R2, showed a stable early-flowering phenotype in the T 4 progeny, and the bnasdg8-R2 transgenic plants were selected for subsequent tests ( Figure S2 ). For CRISPR-Cas9 editing, 24 independent transformants were obtained in the T 1 plants, of which 20 transgenic lines harboured the sgRNA-Cas9 cassette. DNA sequencing analysis showed that three out of the 20 transgenic lines exhibited the same 3-base deletion mutation in a pair of BnaSDG8.A alleles, and a biallelic mutation with one 2-base deletion and one 4-base deletion on each of the two BnaSDG8.C alleles, respectively. Possibly, the in-frame mutation of BnaSDG8.A (with one amino acid deleted at the target site) did not cause loss-of-function of the gene because of its wild-type phenotype. One of the 20 transgenic lines, named as bnasdg8-1, was a mutant homozygote with a 1-base insertion in each allele of BnaSDG8.A, a 2-base deletion in one BnaSDG8.C allele and a 4-base deletion in the other BnaSDG8.C allele ( Figure 4a ); both types of mutations lead to frame-shift (Text S1). The other remaining 16 transgenic lines exhibited no target sequence mutation. To eliminate possible gene-off-target, we crossed bnasdg8-1 with XY15 and the offspring were grown under a 22-h light/2-h dark photoperiod. The earlyflowering lines without transgenic components, named as bnasdg8-1c, were chosen for subsequent tests.
Compared with the XY15 control plants, both bnasdg8-R2 and bnasdg8-1c lines showed a noticeable early-flowering phenotype (Figure 4b) , bolting approximately 60 days earlier than XY15 (Figure 4c ), and the bnasdg8-1c line flowered approximately 4 days earlier than bnasdg8-R2. The expression levels of BnaSDG8.A and BnaSDG8.C in both bnasdg8-R2 and bnasdg8-1c lines were significantly downregulated compared with that in XY15. Moreover, the downregulation pattern was different between bnasdg8-R2 and bnasdg8-1c, i.e. the transcript level of BnaSDG8.A was lower than that of BnaSDG8.C in bnasdg8-R2, whereas the transcript level of BnaSDG8.A was higher than that of BnaSDG8.C in bnasdg8-1c (Figure 4d ). Therefore, we reasoned that the BnaSDG8.A/C genes in both bnasdg8-R2 and bnasdg8-1c lines were loss-of-function genes.
Misregulated expression of BnaFLC homologues in both bnasdg8-R2 and bnasdg8-1c lines
To understand whether the early-flowering phenomenon of both bnasdg8-R2 and bnasdg8-1c was caused by BnaFLC downregulation, the expression levels of BnaFLCs in bnasdg8-R2, bnasdg8-1c and XY15 were investigated. In a previous study, ectopic expression of five FLC homologues (BnaFLC1 to BnaFLC5) isolated from B. napus was observed to delay flowering in Arabidopsis (Tadege et al., 2001) . To identify all their corresponding homologues, we used these five BnaFLC sequences as queries against the B. napus whole-genome sequence database (http://www. genoscope.cns.fr/brassicanapus). Nine FLC homologous genes were identified; besides BnaFLC2 and BnaFLC4, these included three BnaFLC1 homologous genes (BnaFLC1-1, BnaFLC1-2 and BnaFLC1-3), two BnaFLC3 homologous genes (BnaFLC3-1 and BnaFLC3-2) and two BnaFLC5 homologous genes (BnaFLC5-1 and BnaFLC5-2). Among these nine BnaFLC homologues, BnaFLC1-1, BnaFLC2, BnaFLC3-1 and BnaFLC5-1 were from the A genome, while BnaFLC1-2, BnaFLC1-3, BnaFLC3-2, BnaFLC4 and BnaFLC5-2 were from the C genome. We designed specific primers (Table S3) for each of these copies to analyse their relative expression levels by quantitative polymerase chain reaction (qPCR). Compared with the XY15 control plants, the expression levels of the BnaFLC homologues, except for BnaFLC3-1, were reduced in bnasdg8-R2 and bnasdg8-1c, while the expression levels of the FLC downstream target genes BnaFT and BnaSOC1 were increased. These results support the determination of the molecular basis of the bnasdg8-R2 and bnasdg8-1c earlyflowering phenotype (Figure 5a and b) . Between bnasdg8-R2 and bnasdg8-1c, the expression levels of the BnaFLC genes, except the three BnaFLC1 homologous genes, were slightly lower in bnasdg8-1c than in bnasdg8-R2, while the expression levels of BnaFT and BnaSOC1 were higher in bnasdg8-1c than in bnasdg8-R2, providing a reasonable explanation for the bnasdg8-1c line flowering slightly earlier than bnasdg8-R2.
Reduced H3K36me2/3 and increased H3K36me1 in both bnasdg8-R2 and bnasdg8-1c at the global genome level Our evaluation confirmed the effectiveness of commercial antibodies in the study of histone lysine methylation in B. napus. At the global genome level, downregulation of BnaSDG8A/C in bnasdg8-R2 and bnasdg8-1c induced a decline in H3K36me2/3 and an increase in H3K36me1, with the level of H3K4me3 unchanged (Figure 6 ). These results further prove that BnaSDG8.A/C has the same function as Arabidopsis SDG8, namely, regulating global H3K36me2/3 in vivo (Zhao et al., 2005; Xu et al., 2008; Yang et al., 2014; Li et al., 2015; Liu et al., 2016) . The ebb-and-flow relationship between H3K36me2/3 and H3K36me1 is because H3K36me1 is the substrate of SDG8. We therefore inferred that BnaSDG8.A and BnaSDG8.C may function as major regulators of H3K36me2/3 in B. napus.
Direct regulation of BnaFLC expression by BnaSDG8.A/C via alteration of H3K36me2/3 at the BnaFLC chromatin loci BnaSDG8.A/C can alter the global levels of H3K36me2/3 in vivo; consequently, we explored whether BnaSDG8.A/C can directly regulate the H3K36me2/3 levels at all BnaFLC chromatin loci. We therefore examined the H3K36me1, H3K36me2, H3K36me3 and H3K4me3 levels at BnaFLC regions via chromatin immunoprecipitation (ChIP) analysis. Because the nine BnaFLC homologous genes exhibited A and BnaSDG8.C measured by quantitative polymerase chain reaction (qPCR) using 4-week-old plants. Data were normalized using Bnactin as an internal control, with relative values obtained by setting expression levels in XY15 to 1. Mean values are shown together with standard deviation bars based on three independent biological replicates. According to Student's t-test, **P < 0.01, ***P < 0.001. high sequence similarity, we selected single nucleotide polymorphism primers for use in the ChIP experiment (Figure 7 ; Table S4 ) and indicated the genomic positions of ChIP primers (Figure 7a ). The ChIP analysis revealed that both bnasdg8-R2 and bnasdg8-1c plants had notably increased levels of H3K36me1 (compared with XY15) at all BnaFLC loci, except for BnaFLC3-2, which exhibited no changes in H3K36me1 in bnasdg8-R2 and a slight increase in bnasdg8-1c (Figure 7b ). No significant changes in H3K36me2 were detected at any BnaFLC gene, apart from BnaFLC1-1 and BnaFLC5-2, which had dramatically increased levels (Figure 7c ). Reduced levels of H3K36me3 Figure 5 . Results of expression analysis of flowering-time regulatory genes in XY15, bnasdg8-R2 and bnasdg8-1c.
(a and b) Expression levels of BnaFLCs, BnaFT and BnaSOC1 measured by quantitative polymerase chain reaction (qPCR) using 4-week-old plants. Data were normalized using Bnactin as an internal control, with relative values obtained by setting expression levels in XY15 to 1. Mean values are shown together with standard deviation bars based on three independent biological replicates. According to Student's t-test, *P < 0.05, **P < 0.01, ***P < 0.001. Figure 6 . Effects of BnaSDG8 on global genome levels of H3 lysine methylations. Histone-enriched protein extracts were obtained from 5 g leaves of 4-weekold plants grown under a 13-h light/11-h dark photoperiod. Relative intensities were calculated with ImageJ software. The experiment was repeated three independent biological replicates. ***P < 0.001 based on Student's t-test.
were observed at all BnaFLC genes, with the exception of a noticeable increase at BnaFLC3-1 and BnaFLC5-2, and no changes at BnaFLC1-3 and BnaFLC4 (Figure 7d ). According to the combined H3K36me1/2/3 data and the significant difference data regarding methylation levels between bnasdg8-R2/bnasdg8-1c and XY15 (Table S6 ), BnaSDG8.A/C are not required for H3K36me3 deposition at the BnaFLC1-1, BnaFLC1-3, BnaFLC3-1, BnaFLC4 and BnaFLC5-2 loci, but are essential for H3K36me3 deposition at the BnaFLC1-2, BnaFLC2, BnaFLC3-2 and BnaFLC5-1 loci.
Levels of H3K4me3 in bnasdg8-1c were unchanged in most BnaFLC genes, except BnaFLC3-1, where an increased level of H3K4me3 was observed (Figure 7e ). These results indicate that BnaSDG8.A/C do not contribute to H3K4me3 deposition at the BnaFLC genes.
Taken together, our data indicate that BnaSDG8.A/C are involved in H3K36me3 deposition at some but not uniformly all BnaFLC loci. The H3K36me1/2/3 alteration at the BnaFLC2 locus associated with its transcription alteration suggests that BnaSDG8.A/C regulate the floral transition of B. napus primarily by changing the deposition level of H3K36me3 on the BnaFLC2 chromatin. This result is consistent with published conclusions that BnaFLC2 is the major regulating gene for the vernalization-response flowering in B. napus.
DISCUSSION
SDG8 controls the flowering time in Arabidopsis by directly altering the H3K36 m2/3 levels at the FLC locus. Here, we report the strong evidence that the floral transition in B. napus is directly regulated by histone methylation modification, and that BnaSDG8.A and BnaSDG8.C, orthologues of SDG8, control the flowering time of B. napus by altering H3K36me3 at the chromatin loci of BnaFLCs to affect their transcriptional activation.
In this study, BnaSDG8.A/C were found to be responsible for H3K36me2/3 of the entire genome, as global levels of H3K36me2/3, but not H3K4me3, were significantly reduced in both bnasdg8-R2 and bnasdg8-1c plants compared with XY15 ( Figure 6 ). These results provide further evidence that SDG8 is only responsible for the modification of H3K36me2/3 in vivo (Zhao et al., 2005; Xu et al., 2008; Yang et al., 2014; Li et al., 2015; Liu et al., 2016) . Regarding key genes controlling flowering, downregulation of BnaSDG8.A/C directly led to decreased levels of H3K36me2/3 at the BnaFLC chromatin loci (Figure 7) , and reduced expression of BnaFLCs except for BnaFLC3-1 (Figure 5a ). This downregulation additionally increased the BnaFT and BnaSOC1 expression (Figure 5b) , and accelerated flowering (Figure 4 ). Among these BnaFLCs, only the modification of BnaFLC2 methylation could compensate for increased H3K36me1 and decreased H3K36me2/3 in BnaSDG8A/C loss-of-function mutants. These observations suggest that BnaSDG8A/C regulate the flowering time primarily by altering H3K36me2/3 at the BnaFLC2 chromatin locus in the SDG8-FLC-FT-SOC1 pathway. This result is in agreement with the conclusion that BnaFLC2 plays a key role in the B. napus floral transition (Tadege et al., 2001; Huang et al., 2013) , and that orthologues BraFLC2 (Zhao et al., 2010; Xiao et al., 2013) and BolFLC2 (Okazaki et al., 2007; Ridge et al., 2015) contribute to the floral transition of B. rapa and B. oleracea, respectively. The observed differences in changes in methylation levels of eight BnaFLC gene loci caused by BnaSDG8A/C additionally suggest that the functions of BnaFLCs have diverged during the evolution of B. napus. At the very least, BnaFLC3-1 is clearly no longer involved in the regulation of vernalization flowering; this conclusion is based on the observation that increased expression of BnaFLC3-1 did not inhibit the BnaFT and BnaSOC1 expression (Figure 5) , and the result that H3K36me1/2/3 at the BnaFLC3-1 locus was not modified by BnaSDG8A/C (Figure 7) .
In contrast to species harbouring a single copy of the SDG8 gene, two copies of the homologous gene are present in the allotetraploid B. napus. Although spatial-temporal expression patterns of the two gene copies were similar during B. napus growth, some obvious differences were noted. Particularly, the BnaSDG8.C expression levels in young leaves were higher than those of BnaSDG8.A before bolting, while the BnaSDG8.A expression levels in all tissues and organs (except the flowers) were higher than those of BnaSDG8.C after bolting (Figure 2 ). This result may indicate functional differentiation between BnaSDG8.A and BnaSDG8.C in B. napus. The major difference between BnaSDG8.A (1658 amino acids) and BnaSDG8.C (1696 amino acids) is that the latter contains an additional 39-amino-acid NNH domain.
Although polyploidization has occurred repeatedly during the evolution of green plants (Amborella Genome Project, 2013; Chalhoub et al., 2014) , only one SDG8 homologous gene copy was uncovered in each genomesequenced species in our study. The two SDG8 homologues BnaSDG8.A and BnaSDG8.C in allotetraploid B. napus originated from its diploid progenitors B. rapa and B. oleracea, respectively, not from gene duplication during polyploidization. Although no SDG8 gene duplication was detected in this study, we discovered by coincidence that domain duplication has occurred in BnaSDG8.C. Only one NNH domain is present in the FSU region of BnaSDG8.A and other SDG8 gene homologues (Figure 1c) , whereas two adjacent NNH domains are present in this region in BnaSDG8.C (Figure 1b) . From an evolutionary perspective, duplication events have occurred not only at the genome and gene levels, but also at the domain level. From a technical point of view, sequence alignment between homologous genes from different species is an effective method to discover unknown duplicated domains in a protein. Additionally, no NNH domain was previously Figure 7 . Chromatin immunoprecipitation (ChIP) analysis of H3K36me1/2/3 and H3K4me3 levels at specific regions of BnaFLC gene loci in XY15, bnasdg8-R2 and bnasdg8-1c. Aerial part of 4-week-old plants (5 g) grown under a 13-h light/11-h dark photoperiod were used to analyse methylation levels. The genomic positions of ChIP primers were indicated by black short lines (a). H3K36me1 levels (b), H3K36me2 (c), H3K36me3 (d) and H3K4me3 (e) levels at specific regions of BnaFLC gene loci in XY15, bnasdg8-R2 and bnasdg8-1c were shown. Data were normalized using Bnactin as an internal control, with relative values obtained by setting expression levels in XY15 to 1. Mean values are shown together with standard deviation bars based on three independent biological replicates. The significant difference data were shown in Table S6 . discovered in SDG8 homologues of animals and plants, and we speculated that the number of NNH may have a quantitative relationship with the flowering time and/or branches in Brassica.
In conclusion, BnaSDG8.A and BnaSDG8.C help control the B. napus floral transition by directly altering the H3K36 m2/3 levels at the BnaFLC chromatin loci. The results of our research can serve as a good foundation for breeding new varieties of normal-and early-flowering B. napus for the cultivation model of 'rice-rice-rapeseed' along the Yangtze river basin.
EXPERIMENTAL PROCEDURES Plant materials, cultivation and sampling
Brassica napus L. 'XiangYou15' (XY15) was used as a transgenic receptor and as a material for BnaSDG8.A/C gene cloning. XY15 and transgenic B. napus plants were grown in a growth chamber at 20-25°C under a light intensity of 180 lmol photons m À2 sec
À1
and a 13-h light/11-h dark photoperiod. To shorten the life cycle of rapeseeds, transgenic plants were grown at 20-25°C under a light intensity of 180 lmol photons m À2 sec À1 and a 22-h light/2-h dark photoperiod (Watson et al., 2018) . Arabidopsis plant material consisted of the T-DNA insertion mutant sdg8-2 (SALK026442), with the Col-0 ecotype used as a wild-type control. Arabidopsis plants were grown in a greenhouse at 22 AE 1°C and 70% relative humidity under a 16-h light/8-h dark cycle and a light intensity of 250 lmol photons m À2 sec
. For spatial-temporal expression analysis of BnaSDG8 in XY15, fully expanded young rosette leaves grown for 2, 4, 6 and 8 weeks were collected for time-course analysis. To analyse the expression in each plant part, the stems, roots, cauline leaves, fully opened flowers, siliques at 30 days after flowering, and dry seeds were obtained from 120-day-old plants, with three independent biological repeats per sample and three technical repeats for each. Twoweek-old leaves of Col-0 and transgenic Arabidopsis and 4-weekold leaves of B. napus XY15 and transgenic B. napus XY15 were collected for RNA extraction. Arabidopsis flowering-time analyses were performed as previously described (Shafiq et al., 2014) .
Phylogenic analysis
Complete protein sequences from O. lucimarinus, P. patens, O. sativa, Z. mays, E. salsugineum, B. oleracea, B. rapa and B. napus were retrieved from the Phytozome v12.1 online database (http://www.phytozome.net) using the keyword SDG8 as a query. The downloaded protein sequences were aligned using Clustal W (Thompson and Higgins, 1994) . A neighbour-joining tree was generated from the aligned data set using MEGA 5.0 (Tamura et al., 2011) , with bootstrapping performed using 1000 replicates. Conserved protein domains were identified using the SMART database (http://smart.embl-heidelberg.de/) and InterPro (http:// www.ebi.ac.uk/interpro/).
Construction of a binary expression vector of BnaSDG8A/ C controlled by AtSDG8 promoter and Arabidopsis transformation Total RNA was isolated from the leaves of XY15 using the Trizol reagent (Invitrogen, Carlsbad, CA, USA). cDNA was synthesized from approximately 1 lg total RNA using a RevertAid First Strand cDNA Synthesis kit (Fermentas, Vilnius, Lithuania) with Oligo-T (18) as a primer. The reverse transcription products were subsequently used as the template for high-fidelity PCR. The complete coding sequences of BnaSDG8.A/C were amplified with the primer pair BnaSDG8-F/R (Table S1 ) and ligated between the AscI and PacI sites on the binary vector pFGC5941-AtSDG8p to enable expression under the control of the AtSDG8 promoter. The vectors AtSDG8p::BnaSDG8.A and AtSDG8p::BnaSDG8.C were respectively introduced into Arabidopsis sdg8-2 mutant plants via Agrobacterium tumefaciens (strain GV3101)-mediated transformation using the floral dip method (Clough and Bent, 1998; Zhang et al., 2006) . PPT-resistant plants were screened by spraying 75 mg L À1 phosphinothricin (Duchefa, Haarlem, The Netherlands) solution on seedlings grown on nutrient soil, and the transgenic plants were analysed via PCR using the primers BnaSDG8-p-detection-F/R (Table S2 ). More than 30 individual plants from transgenic lines tallied with Mendelian segregation were chosen for the flowering-time analysis, performed as previously described (Shafiq et al., 2014) .
Construction of RNA interference vector and CRISPR-Cas9 vector and XY15 transformation
A DNA fragment consisting of 444 bp (positions 1376-1819 of BnaSDG8.A cDNA, equivalent to positions 1487-1930 of BnaSDG8.C) was amplified using the primer pair BnaRNAi-F/R (Table S1 ) and a PrimeSTAR HS DNA Polymerase kit (Takara, Dalian, Liaoning, China). The fragment was separately inserted in opposite directions at both ends of the CHSA intron of the pFGC5941 vector with the aid of NcoI-AscI and BamHI-XbaI combinations, respectively. The constructed BnaSDG8 RNAi vector (p35S::BnaSDG8RNAi) was transferred into the hypocotyls of XY15 via A. tumefaciens strain LBA4404. Positive transformants were screened by growth on Murashige and Skoog (MS) medium containing 30 mg L À1 phosphinothricin (Duchefa, Haarlem, The Netherlands) plus 500 mg L À1 carbenicillin (Invitrogen) and PCR amplification with the primers BnaSDG8RNAi-detection-F/R (Table S2 ). The details regarding the B. napus transformation are described in Peng et al. (2010) and Liu et al. (2014) .
An identical 20-bp target sequence adjoining a 5 0 -NGG-3 0 protospacer-adjacent motif (PAM) was selected in the first exon of both BnaSDG8.A (BnaA07g33460D) and BnaSDG8.C (BnaC06g38010D) genes (positions from 265 to 284 bp of BnaSDG8.A genomic sequence, equivalent to positions 256-275 bp of BnaSDG8.C genomic sequence; Figure S1 ).
Following the protocol described by Liu et al. (2015) , a pair of BnaSDG8gRNA-F/R oligos with 4-nt overhangs at both 5 0 -ends was synthesized (Table S1 ) and ligated into the BbsI-digested vector psgRNA-Cas9-At to form an intermediate plasmid psgRNACas9-BnaSDG8. After sequencing, the correct psgRNA-Cas9-BnaSDG8 was digested with HindIII-EcoRΙ (NEB, New England Biolab, USA) and a target fragment approximately 5700 bp long was inserted into the binary vector pCAMBIA1300. The target plasmid pCAMBIA1300-sgRNA-Cas9-BnaSDG8 was transferred into cotyledons of XY15 via A. tumefaciens strain GV3101. Resistant transformants were screened by growth on MS medium containing 30 mg L À1 hygromycin B (Invitrogen) and 500 mg L À1 carbenicillin (Invitrogen).
Mutant identification and sequencing analysis
Genomic DNA was extracted from the leaves of each resistant individual plant in the T1 generation by the standard CTAB method (Springer, 2010) , and the transgenic plants were confirmed by PCR using the primers Cas9-F/R (Table S2) PCR amplicons using the primers BnaSDG8.A-CC-tfs and BnaSDG8.C-CC-tfs (Table S2 ). According to the sequencing results with overlapping peaks in the target regions, the PCR fragments of these transgenic T1 plants were further cloned into the pEASYBlunt Cloning Vector (TransGen, Beijing, China), and the vectors were transformed into Escherichia coli. Single colonies were selected for PCR, and the amplicons were sequenced using the same procedure. This method was additionally applied for the T2 generations. Sequence reads of CRISPR-Cas9 mutations and the negative control cultivar XY15 were aligned using the PRABI website (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/ NPSA/npsa_multalinan.html), and different types of gene editing were identified through sequence peaks.
RNA extraction and real-time qPCR
The seeds, siliques, flowers, stems, roots and leaves were separately ground to a fine powder in liquid nitrogen and subjected to total RNA isolation using the Trizol reagent (Invitrogen) according to the manufacturer's instructions. After treatment with RNase-Free DNase (Promega, WI, USA) to remove any DNA contamination, approximately 1 lg total RNA was converted into cDNA using a RevertAid First Strand cDNA Synthesis kit (Fermentas).
Quantitative PCR was performed with three technical replicates on a CFX96 Real-Time PCR System C1000 Touch Thermal Cycler (Bio-RAD, Singapore) using the SYBR Green Master mix (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's instructions. The relative expression level of each gene, averaged over three technical replicates, was calculated by the DDCt method using Actin2 (At3 g18780) and Bnactin (BnaC02g00690D) as internal reference genes for Arabidopsis and XY15, respectively (Bustin et al., 2009) . The difference between the cycle threshold (Ct) of the target genes and the Ct of the control primers (DCt = Ct target gene -Ct control ) was used to obtain the normalized expression of the target genes. The qPCR primer sequences are available as supporting information in Table S3 . All charts were prepared and statistical analyses performed using Microsoft Office Excel 2007, and the values were presented as the mean AE standard deviation with three biological repeats.
Histone extraction and Western blot analysis
Histones of XY15 were extracted from 4-week-old seedlings as previously described (Yu et al., 2004) , using 15% (w/v) sodium dodecyl sulphate-polyacrylamide gel electrophoresis and Immobilon-P membranes (Millipore, Shanghai, China) for transfer and blotting. The following antibodies were used for Western blotting: anti-monomethyl-H3K36 (Abcam, catalogue no. ab9048), antidimethyl-H3K36 (Millipore, catalogue no. 07-369), anti-trimethyl-H3K36 (Abcam, ab9050), anti-H3 (Millipore, catalogue no. 05-499) and anti-trimethyl-H3K4 (Millipore, catalogue no. 07-473). The relative intensities of the global genome levels of histone H3 lysine methylation were calculated using the ImageJ software (Collins, 2007; Xue et al., 2013 ).
ChIP
As previously described (Berr et al., 2010) , ChIP was performed on 4-week-old seedlings; however, the chromatin was sheared using Bioruptor Plus (Diagenode, Belgium) three times for 2.5 min with a 15-sec on and 15-sec off cycle at low power output. The antibodies anti-trimethyl-H3K4 and anti-monomethyl-, anti-dimethyl-and anti-trimethyl-H3K36 were the same as described for Western blot analysis. The specific gene primers used for the qPCR analysis of ChIP DNA are listed in Table S4 .
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Figure S1 . Gene structures of BnaSDG8.A and BnaSDG8.C with target sites of CRISPR-Cas9 designed in the first exon. Figure S2 . Early-flowering phenotypes of BnaSDG8.A/C-knockdown transgenic plants by RNAi. Table S1 . Primers for full length CDS, RNAi and CRISPR-Cas9-targeted fragment cloning of BnaSDG8.A/C Table S2 . Miscellaneous primer sequences. Primer BnaSDG8-pdetection was used for BnaSDG8 expression detection in transgenic sdg8-2 mutant Arabidopsis. Table S3 . Primers used for qPCR in this study Table S4 . Primers used for ChIP experiments in this study Table S5 . Rosette leaf number and days to bolting of wild-type Col-0, sdg8-2 mutant and complementary transgenic plants under LD conditions Table S6 . Statistical evaluation of significance of comparison differences for the values shown in Figure 7 Text S1. Frame-shift mutations at the CDS of BnaSDG8.A and BnaSDG8.C for premature translation termination codons.
